Fractional flow reserve (FFR) is the reference standard for the assessment of the functional significance of coronary artery stenoses, but is underutilized in daily clinical practice. We aimed to study long-term outcomes of FFR-guided percutaneous coronary intervention (PCI) in the general clinical practice.
Introduction
The benefits of percutaneous coronary intervention (PCI) are mainly attributable to reduction of myocardial ischaemia. 1 Therefore, clinical practice guidelines currently recommend performing PCI only when symptoms and/or myocardial ischaemia are identified. 2, 3 The accuracy of fractional flow reserve (FFR) for assessments of the functional significance of a coronary stenosis has been well established. 4 Improved clinical outcomes have been demonstrated in clinical trials when the decision to perform PCI was based on available FFR. 5 -7 Indeed, the randomized 'Fractional Flow
Reserve vs. Angiography for Multivessel Evaluation' (FAME) study 8 has recently shown a favourable 2-year clinical outcome of FFR-guided PCI compared with angiography-guided PCI in a broad population of patients. Moreover, the FAME II trial subsequently reported that combination of an FFR-guided treatment strategy and the best available medical therapy improved outcomes in patients with stable coronary disease, compared with the best available medical therapy alone. 9 These important studies increased physicians' awareness to the benefits of FFR-guided PCI, and in the current guideline on coronary revascularization of the European Society of Cardiology, FFR has been upgraded to a class IA classification in multivessel PCI. 3 Nevertheless, while evidence for the utility of FFR in different patient subsets has been mounting, 6,10 -18 FFR is assessed in ,10% of PCI performed in the absence of clinical evidence of ischaemia. 19, 20 The operator's decision on the use of FFR in clinical practice is often based on angiographic findings, which frequently fail to provide an accurate and reproducible measure of the haemodynamic significance of a stenosis. 21, 22 Therefore, the ability of routine use of FFR in clinical practice to confer any benefit remains uncertain. This ambiguity was reflected in the design of the FAME study, 8 in which FFR-guidance was mandated in patients randomized to the FFR arm. The aim of this study was to test the hypothesis that the use of FFR is associated with improved outcome in contemporary clinical practice. For this purpose, we compared long-term outcomes of FFR-guided to angiography-guided PCI.
Methods

Study population
Fractional flow reserve measurements were first introduced at the Mayo Clinic in 1999, but patients were followed in a registry starting October 2002. Therefore, consecutive patients referred for coronary revascularization with or without adjunct FFR between October 2002 and December 2009 were included in this study. Exclusion criteria included presentation with ST-segment elevated myocardial infarction (MI) or cardiogenic shock; referral for coronary artery bypass surgery; or patient refusal to allow the use of their records for research purposes. The study followed the principles of the Declaration of Helsinki and was approved by the Institutional Review Board of the Mayo Clinic.
Patients were divided into two groups: (i) PCI-only and (ii) FFR-guided PCI groups. The latter group was further divided into subgroups of patients who underwent PCI in all the lesions assessed by FFR (a FFR-Perform group), and those in whom after FFR measurement PCI was deferred in at least one vessel (a FFR-Defer group) ( Figure 1 ). Medical records of all patients were reviewed to extract information on clinical, laboratory, and angiographic characteristics.
Coronary angiography
Diagnostic coronary angiography was performed using 4 -7 French Judkins catheters through femoral or radial approaches. 23 To avoid spasm and to achieve maximal epicardial vasodilatation, intracoronary (0.1 -0.3 mg) or sublingual (0.4 mg) nitroglycerine was administered before angiography. All stenoses were assessed visually.
Intracoronary pressure measurements
Intracoronary pressure was measured using a 0.014-inch pressuremonitoring guidewire (Pressure Wire, Radi Medical, Uppsala, Sweden, or Wave Wire, Volcano, Rancho Cordova, CA, USA). The pressure wire was introduced via a 5F, 6F, or 7F guiding catheter, calibrated, advanced into the coronary artery, and placed distal to the assessed stenosis, as described previously. 4 Fractional flow reserve was assessed after the administration of incremental doses of intracoronary adenosine to achieve maximal hyperaemia (up to 42 mg for the right coronary artery and up to 72 mg for the left coronary artery). In 19 (1.7%) of the 1090 patients with the use of FFR, adenosine was given i.v. (140 mg/kg/min). Fractional flow reserve was calculated as the ratio of the mean distal (trans-stenotic) coronary pressure measured by the pressure wire to the mean aortic pressure measured by the guiding catheter at maximal hyperaemia. 24 Generally, PCI was performed in patients with FFR ,0.75, and deferred in those with FFR .0.8. For FFR values ranging between 0.75 and 0.80, the decision was left to the operator's discretion.
Clinical follow-up
Patients that had undergone PCI were subsequently tracked via telephone calls at 6 , 12 months, and annually thereafter. Hospital records were obtained and reviewed to record follow-up events. Patients in whom PCI had been deferred were followed up by means of a single questionnaire and history review.
The primary endpoint during the follow-up was major adverse cardiac events (MACE), defined as composite of death, MI, and any repeat revascularization. The secondary endpoints were individual components of the MACE. Death encompassed all-cause mortality. Myocardial infarction was defined as (two out of three criteria): prolonged chest pain .20 min; levels of serum creatine kinase (or the MB fraction) or troponin over two-fold higher than the upper normal limit; and ST-T segment changes or new Q waves on serial electrocardiogram indicative of myocardial damage. 25 
Statistical analysis
Continuous variables are summarized as mean + standard deviation for most variables, or median (25th, 75th percentile) where indicated. Discrete variables are summarized as frequency (group percentage). Group comparisons are tested using Student's two-sample t-test for most continuous variables, the rank sum test for FFR comparisons, and Pearson's x 2 test for discrete data. Kaplan-Meier estimates were used to estimate survival curves, and the log-rank test to test differences between groups. Cox proportional hazards multiple regression models were used to estimate association between FFR use vs. deferral on long-term outcomes, after adjusting for other patient characteristics that were significantly different between groups. All significance tests were two-tailed with a 0.05 significance level. All analyses were conducted using SAS 9.2 (SAS Institute, Cary, NC, USA).
Results
Baseline characteristics
A total of 8942 PCI and/or FFR procedures were performed during the indicated time period. Of these, 220 patients were excluded due to denial of research authorization. We used only the first qualifying procedure for each unique patient, resulting in 7358 patients identified for analysis ( Figure 1 Tables 1 and 2 . In-hospital outcomes are shown in Table 3 .
Clinical outcome of patients with vs. without use of fractional flow reserve Follow-up information was available in 7050 (95.8%) patients. The median follow-up duration was 44.9 months in the PCI-only group, 52.2 months in the FFR-Perform group, and 48.7 months in the FFR-Defer group, which were not significantly different. The unadjusted Kaplan-Meier estimates of MACE (50 vs. 57%, P ¼ 0.016), mortality (21 vs. 32%, P , 0.001), MI (8 vs. 15%, P ¼ 0.001), and mortality or MI (26 vs. 41%, P , 0.001) at 7 years were lower in the FFR-guided compared with the PCI-only group; on the other hand, the rate of repeat revascularization was comparable between the two groups (35 vs. 36%, P ¼ 0.97) ( Figure 3 ).
Long-term outcomes in the fractional flow reserve -Perform and fractional flow reserve -Defer groups
The unadjusted Kaplan-Meier fraction of MI estimated at 7 years reached 12% in the FFR-Perform vs. 6% in the FFR-Defer groups (P ¼ 0.007) ( Figure 4 ). Other outcome events showed no significant difference between the two groups.
Cox multivariate models for follow-up events
After adjustment for baseline characteristics in a Cox multivariable model, patients undergoing FFR measurements tended to have lower rates of death/MI [hazard ratio (HR): 0.85, 95% confidential interval (CI): 0.71-1.01, P ¼ 0.06]; specifically, deferral of PCI guided by FFR was significantly associated with a reduced rate of MI (HR: 0.46, 95% CI: 0.26-0.82, P ¼ 0.008) ( Table 4) .
After excluding patients with FFR of 0.75-0.80 and deferral of PCI, the incidence of death or MI was significantly lower in the FFR-guided group compared with the PCI-only group (HR: 0.80, 95% CI: 0.66 -0.96, P ¼ 0.02); deferral of PCI after FFR measurement was significantly associated with reduced rates of MI (HR: Table 5) .
Discussion
In this registry-based study, we compared clinical outcomes of patients undergoing FFR-guided vs. angiography-guided PCI in a large non-selected population. Overall, the use of FFR (achieved in 14.8% of patients) was associated with a non-significantly lower incidence (P ¼ 0.06) of death or MI. However, after excluding patients in whom PCI was deferred in a vessel with FFR between 0.75 and 0.80, the long-term outcome was better in the FFR-guided group compared with the angiography-guided group. Furthermore, the incidence of MI was significantly lower in the FFR-Defer group compared with the FFR-Perform group. These observations, therefore, support the use of FFR in routine clinical practice.
Fractional flow reserve-guided percutaneous coronary intervention in the general clinical practice
The current registry-based study, to our knowledge, examined the largest number of patients with FFR-guided interventions. In the overall population, the primary endpoint (MACE) was not different between the FFR-guided and angiography-guided groups and the secondary endpoint of death/MI reached only borderline significance levels. However, several disparities in the use of FFR between the routine clinical practice and clinical trials may diminish potential benefits from FFR-guided treatment.
First, in daily practice settings in many hospitals, the use of FFR is often entirely at the operator's discretion based on angiographic information. Alas, the relationship between the angiographic appearance of a coronary stenosis and its functional significance is notoriously poor. 21, 22 Consequently, when FFR is infrequently used, some functionally severe lesions that by visual assessment induce ostensibly mild to moderate vessel narrowing might have been excluded from PCI. Conversely, some haemodynamically insignificant lesions, which potentially have a better outcome, may be visually interpreted as severe, and therefore undergo unnecessary PCI. Indeed, Sant'Anna et al. 26 have demonstrated that FFR routinely used for decision-making modifies treatment decisions for 32% of all stenoses and 48% of all patients, compared with decisions based on angiography alone. Therefore, low usage rate of functional assessment in general practice may lead to underestimation of its potential benefits. Since FFR has been validated in almost all clinical and anatomical subsets, its systematic use can render PCI an even more effective and appropriate treatment than it is currently. 27 Moreover, FFR values ranging between 0.75 and 0.80 were previously considered to be in a 'grey zone', and required clinical judgment for decision-making regarding revascularization. However, Legalery et upper limit of this small transition zone as a threshold to perform PCI in order to limit the number of ischaemic lesion left untreated. 7, 11, 12 In the current study, in 40.0% of the 220 patients with FFR values between 0.75 and 0.80 PCI was deferred. This might influence relative outcomes between the angiography-guided and FFR-guided groups, probably in favour of the angiography-guided strategy. After excluding those patients from analysis, the FFR-guided group had a significantly lower rate of death or MI when compared with the PCI-only group. This result is consistent with the 2-year follow-up of the FAME study 8 and indicates a FFR value of 0.80 as an appropriate threshold to intervene. In addition, a registy study reported that 9% of patients were treated despite an FFR ≥0.80. 20 In the FFR-guided group of the current study, 10.5% of patients had PCI performed in a vessel with FFR .0.80 and 39 (3.6%) did not have PCI in a vessel with FFR ,0.75. It is not uncommon to encounter a clinical or angiographic situation where the FFR result seems to disagree with visual assessment by angiography. Although its accuracy may be influenced by some pathological factors, 28 -30 when performed correctly, false negative or false positive FFR results are relatively rare. 31 Obviously, FFR should only be measured when the operator plans to follow through on the result of this test. In fact, the FAME study suggests that stenting of lesions with an FFR .0.80 is detrimental. 8 Thus, clinical benefits could be enhanced when patients are treated in accordance with the FFR criteria.
The safety of deferring percutaneous coronary intervention under guidance of fractional flow reserve
The benefit of functional evaluation is attributed to identification of ischaemia-causing coronary stenoses, and its contribution to judicious decision-making of revascularization, which in turn may reduce unexpected device-related diseases. previous studies, 32, 33 our data demonstrate a favourable outcome in the FFR-Defer group compared with the FFR-Perform group, which strongly supports the use of FFR when evaluating whether PCI can be safely deferred. Moreover, although some patients underwent PCI in a vessel with FFR .0.80, the number of stents placed was still significantly lower in the FFR-guided group. Similarly, a recent analysis of the FAME study showed that the FFR-guided PCI resulted in significant cost-saving by reducing stent use, rehospitalizations, and MACE. 34 Therefore, the FFR-guided treatment could have been more economical in daily practice if decisionmaking for PCI relies more strictly on FFR value. Incidentally, the use of FFR between 2003 and 2009 showed a transient decline in the mid-years, followed by a sudden increase in 2009. This may reflect a change in clinical practice after publication of the landmark FAME study in January 2009. 7 
Limitations
This single-centre, observational study has limitations inherent to non-randomized trials. It was performed in a non-selected population of clinical practice with unequal baseline characteristics, and involved multiple operators. Multiple regression analysis may mitigate bias after adjustment of confounding factors, but unmeasured indicators leave room for residual bias.
In the current study, the adenosine protocol included both i.v. and intracoronary routes. Although we have previously demonstrated that incremental doses of intracoronary adenosine were valid to achieve maximum coronary hyperaemia, 35 reports are inconsistent. 36, 37 Presently, central i.v. administration of adenosine remains the gold standard for FFR measurements. Moreover, the dose of intracoronary adenosine used in this study followed common clinical practice, but might be too low for some patients. The coronary stenoses were assessed visually, rather than by quantitative coronary angiography (QCA) or by intravascular ultrasound. Nevertheless, visual assessment is the most common method to evaluate diameter stenoses in the catheterization laboratory. On the other hand, the accuracy of QCA or intravascular ultrasound for predicting functionally significant FFR is also limited. 
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Conclusion
In this registry study, we found a favourable long-term outcome in an FFR-guided group. This result is in keeping with previous clinical trials, and therefore provides important evidence supporting the rationale for the use of FFR in routine practice. 
